With the degradation of the environment and the acceleration of urbanization, urban residential land has been undergoing rapid changes and has attracted great attention worldwide. Meanwhile, the quantitative evaluation of the suitability of urban residential land is essential for a better and more powerful understanding of urban residential land planning and improvement. Most urban land suitability studies rely solely on remote sensing data and GIS data to evaluate natural suitability, and few studies have focused on urban land suitability from a socioeconomic perspective. Consequently, this paper integrates remote sensing data (GaoFen-2 satellite image) and social sensing data (Tencent User Density data, Point-of-interest data and OpenStreetMap data) to establish an evaluation framework for analyzing the suitability of urban residential land in the Haidian District, Beijing, China, in which, ecological comfortability, locational livability and overall suitability were evaluated according to five attributes extracted from urban residential land via the factor analysis method. The evaluation results of this case study show that, compared with the suburban area in the northwest, the urban area tends to have lower ecological comfortability and higher locational livability. The overall suitability increases from southeast to northwest, consistent with the spatial distribution of ecological comfortability. This framework can potentially assist with the sustainable development of residential lands and urban land use planning.
Introduction
With the advancement of the economy and technology, demand for urban residential land increases year by year in most of the countries. However, the world's ever-increasing population in cities and rapid urbanization have raised serious issues of the quality of urban residences, such as air pollution, traffic congestion, and fragmentation of natural spaces (e.g., open space, green space and wetlands) [1, 2] . Facing restriction at the social-economic level and from pressures of the environment, population and traffic [3] , optimizing urban residential land is a challenging task for urban planning agencies. Thus, reliable, quantified, rapid and fine-grained urban residential land suitability analysis has become essential for urban planners to improve urban residential environments and to better understand the urbanization process [4] .
Land use suitability analysis is the process of determining the eligibility of a certain land tract for a particular use according to specific requirements, preferences, or predictors of some activities [5] . Residents would prefer not to live in a noisy, polluted, and hazardous area. Therefore, a suitable urban residential land depends on many factors including safety, comfort and convenience. Specifically, safety means people can be protected from storms, snow, ice and other dangers from the outside world in a building built on residential land; comfort means people can eat, sleep, rest, enjoy spare time and restore mental strength inside and outside; convenience means people can conduct travel activities such as working, shopping and visiting friends via a convenient transportation system nearby and can access recreation facilities and urban amenities within an acceptable distance. Therefore, the urban residential land suitability analysis is designed to determine and locate the best potential sites for land planning. It is also aimed to identify the most suitable settlements for residential development after the land use planning is done.
With the support of geographical information system (GIS) technology, land-use suitability analysis has implemented the transformation from qualitative to quantitative [6] , and GIS-based land-use suitability analysis has been one of the most useful applications of GIS [7, 8] . GIS can combine different types of information to help with better decision making and is also a high-quality visualization tool. A multi-criteria evaluation (MCE) can compare each factor according to their importance and generate weights of each factor. Therefore, incorporating MCE methods into GIS is the most common method for generating a final suitability map [9] .
The trend of research in GIS-based MCE falls into two categories: first, the field of application is widening; second, more MCE methods have been added into GIS-based land-use suitability analysis. In terms of applications, GIS-based MCE has been applied in selecting the best site for the public and private sector facilities [10] [11] [12] , suitability of land for agricultural activities [13, 14] , evaluating suitable particular land use (such as educational land use [12, 15] and urban residential land [16] ) and quantitatively monitoring urban development [4, 17, 18] . In terms of novel GIS-based MCE methods, a primary issue in GIS-based MCE is finding a better method for scientifically assigning weights to each evaluation factor. Malczewski [19] incorporated the concept of fuzzy (linguistic) quantifiers into the GIS-based land-use suitability analysis via ordered weighted averaging (OWA) and then applied five influencing factors (including proximity to the city, airport, major roads, rivers and wetlands) derived from Landsat TM satellite images and manually digitized maps into this novel MCE to identify the most suitable lands for housing development. Sun, Liu and Wei [16] integrated the analytic hierarchy process (AHP) method into the GIS-based urban residential land suitability analysis and obtained five influencing factors (e.g., water bodies, the distribution of schools, hospitals, vegetation, and factories) from digitized vector maps. Zhang, Fang, Wang and Ma [18] selected natural, economic and social factors derived from Landsat-7 ETM images, a digital evaluation model (DEM), statistic data, geological hazard risk data and land use data to evaluate urban construction land suitability through fuzzy GIS-based MCE methods. Luo, Du, Samat and Feng [4] fused many MCE methods (such as hierarchy analysis, fuzzy evaluation, genetic algorithms, etc.) and factors of natural condition indicators derived from multisource data (DEM, meteorological data, MODIS data and DMSP/OLS NTL data) into a model to evaluate urban human settlement environment.
In conclusion, research in the field of GIS-based MCE has been developed rapidly, both in applications and methods. Meanwhile, with the rapid development and availability of multisource data (e.g., remote sensing data, DEM, statistic data, meteorological data, etc.), more influencing factors have become available for conducting land-use suitability analysis. However, influencing factors extracted from the aforementioned data sources can only represent the external natural-physical properties of urban residential components. The influencing factors regarding residential safety, comfort and convenience in urban residential land suitability analysis often have a strong correlation with human socioeconomic activities, which are difficult to extract from the aforementioned data sources. In the era of big data, with the rapid development and availability of social sensing data (e.g., check-in data on social media, mobile phones, points of interest (POIs), and global positioning system (GPS) trajectories, etc.), new opportunities have become available for examining the socioeconomic and demographic characteristics of urban activities for urban residential land suitability analysis.
Many in-depth discussions suggest that the incorporation of remote sensing data and social sensing can offer an important new perspective toward urban research [20, 21] . As the main ingredient of urban land, any urban residential land suitability analysis also needs to combine these two data sources and Sustainability 2019, 11, 2255 3 of 19 take into consideration both the natural-physical and socioeconomic attributes of urban residential land. For example, remote sensing data can not only determine accurate land use as fundamental analysis units but also provide natural-physical properties of urban residential components as comfortability indicators of the natural environment; POIs can reflect the spatial distribution, spatial pattern and categories of infrastructure in cities (e.g., parks, schools, hospitals and shopping malls), which are an important indicator for measuring convenience for residents; check-in data from social media can reflect population density information as comfortability indicators of a living environment.
Considering the issues revealed above, the objective of the study focuses on a novel method for evaluating residential land suitability by combining remotely sensed ecological factors and socially sensed residential land attributes. The subtasks include (1) ecological comfortability evaluation based on remotely sensed ecological factors and population density, (2) locational livability assessment using socially sensed residential attributes, and (3) residential land suitability evaluation integrating ecological comfortability and locational livability. In this paper, very high spatial resolution remote sensing data and social sensing data, e.g., Tencent user density (TUD), POI and OpenStreetMap (OSM) data, were considered together to carry out ecological comfortability and locational livability evaluation and then were used to support extended fine-grained GIS-based MCE models to analyze residential land suitability in the Haidian District, Beijing, China.
Study Area and Data Collection

Study Area
The Haidian District is located in the western and northwestern area of urban Beijing, China ( Figure 1 ). It spans an area of 430.8 km 2 and has a resident population of 3.6 million as of the end of 2016. Population density is higher in the southeast of the Haidian District [22] . There are various types of residential land, including single-family, multifamily, urban villages, and rural settlements. It is thus a difficult task to create a comfortable and livable residential environment for such an enormous population residing in different types of residential lands. Both the ecological comfortability and locational livability of the residential lands in the Haidian District have to be evaluated in order to support sustainable urban land use development. 
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Remotely Sensed Images
In this study, four images captured by GaoFen-2 (GF-2) were collected to generate land use 
Data Collection and Preprocessing
Remotely Sensed Images
In this study, four images captured by GaoFen-2 (GF-2) were collected to generate land use mapping and land cover mapping and then to calculate residential environmental factors. GaoFen-2 (GF-2) is a high-resolution satellite which was launched in 2014. It is able to collect images with a spatial resolution of 0.8 m for a panchromatic band and of 3.2 m for multi-spectral bands. The Panchromatic/Multi-Spectral sensor aboard GF-2 has five bands, namely, panchromatic, blue, green, red and near-infrared bands. GF-2 images were acquired on 12 September 2015 and were downloaded from China Center for Resources Satellite Data and Application (CRESDA), covering the study area of the Haidian District, Beijing, China.
Preprocessing of GF-2 images included radiometric, atmospheric correction, and geo-orthorectification. Radiometric calibration was applied to convert the raw digital number to top-of-atmosphere (TOA) reflectance using the parameters provided by CRESDA. Atmospheric correction was carried out to further convert the TOA reflectance to land surface reflectance using the fast line-of-sight atmospheric analysis of hypercubes (FLAASH) module in an ENVI environment. Geometric corrections were conducted using the Rational Polynomial Coefficients (RPC) orthorectification models. At last, the four GF-2 images were mosaicked to generate a mosaicked GF-2 image that can cover the whole the Haidian District.
Social Sensing Data
Residential land suitability analysis also involves two types of social sensing data, e.g., Tencent user density (TUD) and points-of-interests (POI) data.
The TUD data are derived from all Tencent platforms, such as Tencent Mobile App QQ, WeChat, Soso Maps, and other mobile applications that provide location-based services (LBS) using GPS devices [23] . The Tencent company records users' locations when they use LBS apps and counts the number of users in each pixel unit, which results in the TUD data. The TUD data are shown at the publicly available Tencent website at a spatial resolution of 25 m, while every 25 m × 25 m pixel contains a number representing the number of users inside this area. The TUD data used in this paper is a composite product acquired from the Tencent company, with a temporal resolution of three hours. The mean TUD of the three time periods of 21:00 to 24:00, 0:00 to 3:00 and 3:00 to 6:00 on workdays were used to represent the population density within each residential land. Normally, people are at home at the above three time periods. Using the average value to describe the population of residential land is reliable. Previous studies show that the TUD data could accurately represent the daily activities of residents and map population distribution and can be well used in urban and transportation studies [23] [24] [25] .
Baidu POI data within the Haidian District were acquired in 2016 via Baidu Maps Application Programming Interface (API). The POI data, including rich location semantic information [26] , have been widely applied in order to understand urban environments from a human cognition perspective [27] . A POI is recorded with respect to three attributes: type, name, and geo-position (latitude, longitude). Specifically, POI types are automatically classified by Baidu Company. There are 17 level-1 categories, and each level-1 category is further divided into several level-2 categories. POI geo-position illustrates the location and distribution of city facilities. Therefore, POI data is a convenient and accurate data source to reflect the type, location and distribution of urban infrastructures. In this paper, the Baidu POI of shopping centers, parks, and medical services were used for the analysis of locational livability.
OpenStreetMap Road Network
OpenStreetMap (OSM), one of the biggest collaborative mapping projects, was also involved in getting living environmental information. OSM is freely accessible. Many researchers have applied road network data to urban land use mapping [27, 28] . Both the completeness and the high positional accuracy of OSM have been confirmed [29, 30] . Moreover, the data of road networks are in vector format and classify the streets into different levels based on their relative importance (http://wiki.openstreetmap.org/wiki/Key:highway). These characteristics make OSM a reliable data source. The OSM road network data were used in this paper for the calculation of distances from residential lands to urban amenities.
Methodology
In this study, residential land suitability analysis was conducted through the framework of a three-stage procedure (Figure 2) . First, land attributes used to depict residential land suitability were generated through image processing and spatial analysis; i.e., the four GF-2 images were used to extract green space through image classification within the Haidian District. Green space coverage was calculated through the area ratio statistic at a residential parcel scale. The TUD data were used to generate population density at the residential parcel scale. The POI data from Baidu Maps (http://map.baidu.com) were used to calculate the distance to parks, shopping centers and medical services together with road networks extracted from OSM data. Then, ecological comfortability and locational livability were evaluated using factor analysis. Ecological comfortability (EC) was assessed based on green space coverage (GSC) and population density (PD). Locational livability (LL) was evaluated using the distance to parks (PK), the distance to shopping centers (DS) and the distance to medical services (DM). At last, urban residential land suitability analysis was conducted through factor analysis based on the EC and LL evaluation results. 
Urban Residential Lands Identification
The Chinese land use classification criterion (GB/T21010-2017) classifies built-up land into 8 classes: residential, institutional/public service, business, industrial, warehousing, transportation, public facilities, and open space. The residential class applies to both urban residential areas (houses and apartments) and rural settlements. According to the interpretation in "Chinese Current Land Use Classification" (GB/T 21010-2017), as well as the definition in urban planning regulations, urban residential land mainly refers to the human settlements' land in cities, namely, the residential building base area and the reasonable space within the surrounding area, including the green space between the building and the road, etc. 
The Chinese land use classification criterion (GB/T21010-2017) classifies built-up land into 8 classes: residential, institutional/public service, business, industrial, warehousing, transportation, public facilities, and open space. The residential class applies to both urban residential areas (houses and apartments) and rural settlements. According to the interpretation in "Chinese Current Land Use Classification" (GB/T 21010-2017), as well as the definition in urban planning regulations, urban residential land mainly refers to the human settlements' land in cities, namely, the residential building base area and the reasonable space within the surrounding area, including the green space between the building and the road, etc.
In this study, urban residential parcels were defined to be the basic units for the urban residential land suitability analysis. Residential lands in the Haidian District were manually delineated by experienced analysts, with the assist of high-resolution remote sensing images, Baidu Maps (http: //maps.baidu.com), Gaode Maps (https://ditu.amap.com/) and on-site surveys. The residential parcels can be identified with both the user's and producer's accuracy above 90%.
Residential Lands Attributes Quantification
For the residential suitability analysis, five attributes were calculated in this study, including green space coverage, population density, and distances to parks, shopping centers and medical services.
Green Space Coverage
Residential land suitability analysis should consider the ecological quality or comfortability of the area. The ecological attributes should be considered first. Remotely sensed images have been widely used to extract regional and local ecological parameters, such as leaf area index (LAI), net primary productivity (NPP), and green space coverage.
High green space coverage within residential areas is beneficial for the mental and physical health of residents. As a function of environment services, urban green space can preserve and enhance biodiversity [31] , reduce noise [32] , decrease air pollution [33] , filter rainwater [34] and counteract high air temperatures with their cooling capabilities [35] . As a function of social services, urban green space can reduce stress [36] , provide a sense of safety [37] , strengthen interactions between residents [38] and promote the development of social ties [39] . Therefore, many countries and regions have explicit laws or regulations putting restrictions on the lowest green space coverage allowed within a residential land. For example, urban green space regulations for many cities in China require a minimum green space coverage of 30%. In this paper, the green space coverage was defined as the percentage of vegetation and water within a residential area, and it was derived from the classified GF-2 remotely sensed image. The green space coverage (GS ratio ) can be expressed as Equation (1) .
where Area veg , Area water and Area Rland are respectively the area of vegetation parcels, water parcels, and the residential land. Vegetation parcels and water parcels were generated with an object-based classification method. This method was applied to the GF-2 image to classify the study area as impervious surface, vegetation, water or barren soil. Object-oriented image classification mainly involved three steps, i.e., multi-scale segmentation, general classes creation, and classification rules [40] . For image segmentation, GF-2 images were divided into segments (i.e., objects), and image segments were defined and calculated. Parameters are defined by users, including the scale, spectral properties and shape properties. These image segments have to be calculated on several hierarchical levels in a "trial and error" process to result in final image segments to represent single objects of interest [41] .
Fifty sample areas (100 m × 100 m) were randomly selected to assess the classification accuracy, and land cover types of pixels within these sample areas were identified via visual interpretation by experienced analysts. The interpreted land covers the types of these pixels that were used as a reference for accuracy assessment. The results show that the overall accuracy reached 84.1%. Vegetation and water were extracted for the green space coverage calculation.
Population Density
Population density is directly associated with the comfortability of living [42] . Several studies have cited the negative psychological or pathological effects of housing crowding for adults, including psychological withdrawal [43] , stress [44] , aggression [45] , and loneliness [46] . Other studies have also found more negative parent-child relations [47] , less responsive parenting [46] , and increased child behavioral problems at school [48] . Therefore, the population density of residential areas is an important factor in urban residential land suitability analysis. Residents were expected to be at home from 21:00 to 6:00 the next day. The density of user-reported locations within this period was considered to be able to represent population density within residential areas. Every 25 m × 25 m pixel contains a number representing the mean values of locating densities. Accordingly, the TUD of three time periods of 21:00 to 24:00, 0:00 to 3:00 and 3:00 to 6:00 on workdays were averaged to indicate population density within each residential area. The population density (PD Rland ) can be expressed as Equation (2) .
where PD TUD1 , PD TUD2 and PD TUD3 are the mean values of locating densities within 25 m × 25 m pixel of three time periods on workdays, respectively.
Distances to Parks, Shopping Centers and Medical Services
If a residential land is close to urban amenities, it is regarded as more convenient for people to live in. Many studies have demonstrated that access to urban amenities is one of the most important factors when people choose places to live; therefore, residential lands closer to urban amenities are generally more valuable [49] . The location and type of urban amenities are parts of Baidu Maps POI information, so it is easy to extract them from categories of POI. Consequently, three types of urban amenities, including parks, shopping centers and medical services, were considered in this paper to quantitatively evaluate the locational livability of residential areas. To correctly derive the three attributes, Baidu Maps POI of the three types of urban amenities and OpenStreetMap road network were used. Distances of each residential area to the closest shopping center, park, and medical service along the road network were calculated, respectively. In this study, the shortest path solution is based on the Floyd algorithm. The Floyd algorithm is the most important algorithm in solving the shortest route problem in networks. It uses a route length matrix and a footpath matrix to obtain the solution of the shortest route between any pair of points by a method of iteration [50] .
Multi-Criteria Evaluation
A legitimate evaluation of residential lands needs to take into consideration a suite of their attributes, such as population density, green space coverage, and distances to urban amenities as listed above. Currently, various MCE methods have been developed, including the analytical hierarchy process (AHP), factor analysis (FA), a technique for order of preference by similarity to an ideal solution (TOPSIS), data envelope analysis (DEA), and a knowledge-based system [51] . Of these, factor analysis is one of the most widely applied MCE methods. It can confirm the weight of each attribute and avoid the subjectivity associated with some other MCE methods such as AHP [51] . Factor analysis is a statistical method used to reduce many attributes into a few factors. In this study, the five attributes of residential areas were classified into two categories to describe the ecological comfortability (Equation (3)) and locational livability (Equation (4)), respectively. In addition, all five attributes were considered simultaneously to evaluate the overall suitability of residential lands (Equation (5) 
where EC, LL, and OS represent ecological comfortability, locational livability, and overall suitability of residential lands. PD, GSC, DS, DP, and DM are the five attributes of population density, green space coverage, distance to shopping centers, distance to parks, and distance to medical services, β represents loadings of attributes on factors, and e is the error term. Bartlett's weighted least-squares method [52] was used to generate factor loadings β and calculate factor scores EC, LL and OS. The Bartlett's method is similar to the ordinary least squares (OLS) method which estimates factors scores by minimizing the sum of squared residuals, except that the squared residuals are weighted by the reciprocals of the specific variances. As compared with the OLS method, the factor score estimated by Bartlett's method is an unbiased estimate of the true score.
Results and Analysis
Residential Areas of Haidian District
Residential areas extracted from GF-2 MS images through individual interpretation mainly include 1008 residential land parcels (Figure 3 ). The blue lines in Figure 3 from southeast to northwest represent the 2nd to the 6th ring roads in Beijing. Most urban areas in the Haidian District can be found located within the 5th ring road with an extra-urban area located just the north of the 5th ring road. High-density residential lands are focused in the southeastern Haidian District. Rural settlements are mostly dispersed outside the 5th ring roads. 
Correlation among Attributes
Correlations among the five attributes were examined before factor analysis was conducted. Table 1 exhibited the pair-wise correlation coefficients between each two attributes. Most pair-wise correlations are moderate, ranging from 0.3 to 0.6. GSC is only weakly negatively correlated with DP, and not correlated with other attributes. DM and DS are strongly correlated with a correlation coefficient of 0.799. 
Ecological Comfortability
Ecological comfortability evaluation mainly concerns two attributes of residential land, i.e., population density and green space coverage. Figure 4 exhibits the spatial distribution of the two attributes.
The spatial distribution of population density (Figure 4a ) exhibits an obvious gradient variation, and it decreases from southeast to northwest. The population density between the north 2nd and 3rd ring roads and around Zhongguancun subdistrict (red circle in Figure 4a ) is the highest. The green space coverage (Figure 4b ) also exhibits a pattern of higher coverage in the southeast and lower coverage in the northwest. To be specific, the highest coverage is situated between the 3rd and 4th ring roads, while the lowest GSC is located between the 5th and 6th ones. According to the requirement of a minimum GSC of 30% in the greening regulations for Beijing, residential lands were then separated with a threshold of GSC 30% (Figure 4c) . Two hundred and twenty-seven out of 1008 residential lands had a green space coverage of less than 30%. Most of these residential lands were rural settlements in the north, and a few of them were urban gated communities sparsely distributed throughout the center and southwest. Shangzhuang subdistrict is the only one among all subdistricts that has an average green space coverage of less than 30%. All subdistricts within the 5th ring roads comply with the greening regulations, with the lowest Tiancunlu subdistrict having a mean green space coverage of 34.6%. Outside the 5th ring roads, most of the residential lands that do not comply with the regulations were distributed throughout the subdistricts of Sijiqing, Tiancunlu, and Qinglongqiao subdistricts.
Analysis from the feature space of GSC and PD reveals that most of the residential areas are concentrated within a semicircle area (Figure 5a ). Three tangents of this semicircle segment the data space into 6 regions, corresponding with 6 levels of ecological comfortability. The spatial distribution of the 6 levels is illustrated in Figure 5b .
(1) Level 1: high population density with low green space coverage. Level 1 is the worst ecological comfortability level. There were only three residential lands of this level, all located in the southeastern area. (2) Level 2: high population density with moderate green space coverage. Residential lands of this mode were sparsely located in the east. (3) Level 3: high population density with high green space coverage. (4) Level 4: low population density with low green space coverage. Level 4 residential lands were distributed in the north and center of the study area. (5) Level 5: low population density with moderate green space coverage. This is the ecological comfortability level of most residential lands in the Haidian District. (6) Level 6: low population density with high green space coverage. Level 6 is the optimal ecological comfortability level. There were no concentrations of Level 6 residential lands. Rather, they were distributed all over the study area.
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Multicriteria evaluation was conducted by parcels. PD and GSC were adopted to derive the ecological comfortability score using factor analysis ( Figure 6 ). The ecological comfortability scores of residential lands were further averaged at a subdistrict level. About half of the residential lands have good ecological comfortability, yet their variations are great among subdistricts. Residential lands with lower ecological comfortability scores were mostly located in the subdistricts of Malianwa, Beixiaguan, and Haidian. The midwest and northwest of the study area consist of residential areas with higher ecological comfortability. The ecological comfortability score increases from the 2nd to the 6th ring roads. This is because, during the process of urban expansion, land parcels away from the city center generally have lower prices and more spacious areas, leading to a potentially higher proportion of green space. On the other hand, residential lands close to the city center face the issue of compact land use, resulting in an uncoordinated proportion of impervious surface to green space. The dense population within those residential lands further deteriorates the ecological comfortability. 
Locational Livability
Unlike the ecological comfortability of the study area, the spatial distribution of locational livability took on a much more obvious gradient, with residential lands in the northwest having lower locational livability scores and the ones in the southeast having higher scores (Figure 7 ). This distribution pattern is closely associated with the urbanization process, in which early urbanized areas tended to have more completed settings of business, entertainment, culture, and transportation amenities. The less advanced development of residential amenities in the suburban and rural areas can have a highly negative impact on residents' living convenience. The summarized results by subdistricts reveal that the subdistricts of Shangdi, Haidian, and Shuangyushu have the highest locational suitability. That is, residential lands within these subdistricts generally have easier access to residential amenities for recreation, shopping and health. On the other hand, subdistricts of Sujiatuo, Shangzhuang and Xiangshan have the lowest locational livability scores. 
Residential Land Suitability Evaluation
The evaluation of the overall suitability of residential lands considers simultaneously all five attributes listed in Section 3.2. According to Bartlett's method, the overall suitability is calculated as:
where OS represents the overall suitability of residential lands. PD, GSC, DS, DP, and DM are the five attributes of population density, green space coverage, distance to shopping centers, distance to parks, and distance to medical services.
The evaluation results are shown in Figure 8 . The overall suitability increases from southeast to northwest, which is consistent with the spatial variation of ecological comfortability and opposite to locational livability. This indicates that the variation of ecological comfortability between urban and suburban/rural areas is much larger than that of locational livability, causing the more consistent spatial distribution of overall suitability and ecological comfortability. 
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Roles of VHR Remote Sensing Images
VHR Remote sensing images have rapid mapping abilities and provide accurate locations and 
Discussion
Roles of VHR Remote Sensing Images
VHR Remote sensing images have rapid mapping abilities and provide accurate locations and attributes, which is very important for residential land mapping and green space coverage calculations. In this study, green space coverage was defined as the percentage of vegetation and water within a residential area, as derived from a GF-2 remotely sensed image with an object-based classification method. Residential lands were manually delineated by experienced analysts with high-resolution remote sensing images. This is the only part of the methodological framework which requires extensive human intervention. However, many studies have demonstrated the possibility of the automatic extraction of residential areas by classifying road-segmented land parcels [27, 53] .
We tested a per-field classification approach combined with remote sensing and social sensing data, which was proposed to automatically map urban land use in great detail within a study area in the Haidian District, Beijing, China, in 2016. The results showed that the classification accuracy of residential parcels can achieve at 80%. It can be noted that this automatic method has lower accuracy than the manual classification method we used in this paper. Figure 9 displays the difference of land use classification generated from the manual method (a) and the automatic method (b) with a test area in the Haidian District. The residential parcels are illustrated in blue. The automatic method used road segmentation to generate parcels; over-segmentation and under-segmentation were bound to impede the land use from being correctly classified. Otherwise, there are no clear boundaries between several different types of land use, so continuous patches are agglomerated to form mixed parcels. In this case, mixed parcels are easily classified into one type of land use classes. Because of the issues of the road networks' quality and the mixed social functional parcels, the automatic results were less accurate than the manual ones. Therefore, if the road networks in the study area have high reliability, or it was less difficult to distinguish the boundaries between the different social functional types in remote sensing images, land use could be classified more accurately with an automatic classification method. Therefore, this methodological framework has the potential for automation realization.
Advantages of Incorporating Socially Sensed Data
Socially sensed data are abundant, updated, and can reflect more objectively residential distribution, which provides detailed information about the geographical location of living service facilities and traffic conditions. Combining socially sensed data for residential land suitability analysis can better describe socioeconomic activities.
Natural urban land-use suitability analysis and socioeconomic urban land-use suitability analysis are two kinds of analytic perspective and play different but equally important roles in urban mapping and studies. Urban land use maps categorize places where people undertake different socioeconomic activities [54] , therefore the socioeconomic activities of citizens should be considered in urban land use suitability analysis. Although remote sensing data that reflects natural characteristics of urban land has been applied in natural urban land-use suitability analysis [4] , The automatic method used road segmentation to generate parcels; over-segmentation and under-segmentation were bound to impede the land use from being correctly classified. Otherwise, there are no clear boundaries between several different types of land use, so continuous patches are agglomerated to form mixed parcels. In this case, mixed parcels are easily classified into one type of land use classes. Because of the issues of the road networks' quality and the mixed social functional parcels, the automatic results were less accurate than the manual ones. Therefore, if the road networks in the study area have high reliability, or it was less difficult to distinguish the boundaries between the different social functional types in remote sensing images, land use could be classified more accurately with an automatic classification method. Therefore, this methodological framework has the potential for automation realization.
Natural urban land-use suitability analysis and socioeconomic urban land-use suitability analysis are two kinds of analytic perspective and play different but equally important roles in urban mapping and studies. Urban land use maps categorize places where people undertake different socioeconomic activities [54] , therefore the socioeconomic activities of citizens should be considered in urban land use suitability analysis. Although remote sensing data that reflects natural characteristics of urban land has been applied in natural urban land-use suitability analysis [4] , social sensing data that contains socioeconomic and demographic characteristics of urban land has not been added into urban land-use suitability analyses. This study perceives POI data and TUD data as important social sensing data sources to integrate socioeconomic characteristics into urban land-use suitability analyses. Social sensing data is a particularly promising data resource and has two features: first, they can capture socioeconomic features well; second, the sensors for these data are individuals [21] . Compared with an exclusive analysis of remote sensing data, the additional social sensing data can help us to better understand interactions between citizens and land use objects and better assist urban planning.
Applicability of Methodology
The evaluation framework proposed in this paper is more suitable for describing urban gated communities. A different framework is greatly needed for the suitability evaluation of rural settlements. The study area of the Haidian District is located in a transition area of urbanization, therefore the residential areas include both urban gated communities and rural settlements. Urban gated communities (xiaoqu in Chinese) are concentrated within the 5th ring road and are the basic structural unit of urban residential district planning (an example shown in Figure 10a ) [55] . Urban gated communities are usually associated with a high quality of life and good services, such as convenient public facilities and public transit [54] . Either urban gated communities were selected to be built on a site close to residential amenities, or residential amenities will gradually develop alongside the community construction or occupancy. Buildings within these communities are usually high-rise, resulting in high-density living. Rural settlements (an example shown in Figure 10b ), on the other hand, have totally different characteristics. They are mostly located in the northwestern Haidian District, composed of many one-or two-level single-family homes, leading to relatively lower population density. These rural settlements are surrounded by farmland or natural vegetation, reducing the residents' demand for green space within the rural settlements. Residential amenities common in urban areas are rare around rural settlements. Therefore, strictly speaking, it is controversial to apply the same evaluation framework on both urban gated communities and rural settlements. social sensing data can help us to better understand interactions between citizens and land use objects and better assist urban planning.
The evaluation framework proposed in this paper is more suitable for describing urban gated communities. A different framework is greatly needed for the suitability evaluation of rural settlements. The study area of the Haidian District is located in a transition area of urbanization, therefore the residential areas include both urban gated communities and rural settlements. Urban gated communities (xiaoqu in Chinese) are concentrated within the 5th ring road and are the basic structural unit of urban residential district planning (an example shown in Figure 10a ) [55] . Urban gated communities are usually associated with a high quality of life and good services, such as convenient public facilities and public transit [54] . Either urban gated communities were selected to be built on a site close to residential amenities, or residential amenities will gradually develop alongside the community construction or occupancy. Buildings within these communities are usually high-rise, resulting in high-density living. Rural settlements (an example shown in Figure  10b ), on the other hand, have totally different characteristics. They are mostly located in the northwestern Haidian District, composed of many one-or two-level single-family homes, leading to relatively lower population density. These rural settlements are surrounded by farmland or natural vegetation, reducing the residents' demand for green space within the rural settlements. Residential amenities common in urban areas are rare around rural settlements. Therefore, strictly speaking, it is controversial to apply the same evaluation framework on both urban gated communities and rural settlements. 
Implications of an Automatic and Fine-grained Urban Land-use Suitability Analysis
Based on remote sensing and social sensing data, which are easy to update with time, more rapid, reliable evaluation and analysis results can be provided for urban planning. With the more Figure 10 . Examples of an urban gated community (a) and a rural settlement (b) on remote sensing images.
Based on remote sensing and social sensing data, which are easy to update with time, more rapid, reliable evaluation and analysis results can be provided for urban planning. With the more accurate road network data, residential lands can be delineated automatically in a timely and accurate manner; the methodological framework of residential land suitability evaluation proposed in this paper can be made highly automated, enabling the routine update of evaluation results, in order to support sustainable urban planning and urban land use development. For example, according to the results of this evaluation, not only can urban planners optimize residential suitability via optimizing factors related to ecological comfortability and locational livability of residential lands, but they can also quickly simulate the impacts of changing these factors. Therefore, an automatic framework for evaluating the suitability of urban residential areas plays a significant role in improving urban residential settlement environment.
In this paper, we used GF-2 remote sensing data with high resolution to generate highly detailed images of urban residential lands. The land-use suitability analysis based on parcels with a higher classification accuracy can provide urban planners with a detailed suitability map and assist them in conducting scientific urban planning. Urban land-use suitability is a framework for assessing the suitability of urban land that acknowledges and accounts for the connections between land use and economic, environmental, social and cultural impacts [56] . By providing urban researchers with information that highlights the interconnected and cumulative nature of urban land use impacts, urban land use suitability can assist urban researchers in understanding the implications of urban land uses for the full range of desired outcomes. Recently, more and more researchers fused high-resolution remote sensing images and multisource social sensing data to map fine-grained urban land use [23, 27, 28] , which provides an opportunity to conduct fine-grained urban land use suitability analysis. Therefore, based on fine-grained urban land use map, fine-grained urban land-use suitability analysis is a trend. For example, Javadian, Shamskooshki and Momeni [15] established an automatic educational land use suitability analysis system to decide the location of environmentally suitable educational land use by AHP and GIS, which can cope with educational land use problems such as unsuitable site selection and imbalanced distribution of places that gets in the way of sustainable urban development.
Future Work
In this paper, five attributes were considered to evaluate the urban residential land suitability of the case study area. Actually, the urban residential land suitability is influenced by more than these attributes. Other attributes, such as heat and humidity that affect human comfort, various vegetation types that have different physical and social functions, and proximity to schools that were deemed important for a family with kids, were not considered in this paper due to either data unavailability or complexity in adopting the attribute. Consideration of more attributes in the future is expected to be able to generate more reasonable evaluation results.
Due to the limits of GF-2 remote sensing band designation, we consider less ecological comfortability attributes in this study. In the future, it is expected that the ecological indicators that are related to heat and humidity can be directly extracted from remote sensing data to create a more comprehensive ecological comfortability evaluation method.
On the other hand, vegetation types contribute differently to ecological quality. For example, in urban areas, trees provide shade on sunny days, and children enjoy playing in the grass. Based on the VHR remote sensing classification, green space can be identified with detailed information. For green space coverage and ecological comfortability analysis, it is necessary to consider trees, shrubs and grasslands.
Proximity to schools is one of the attributes of families with kids value when choosing a place to live in. However, due to various school systems across the world, it is difficult to include this attribute properly and quantitatively in a widely applicable evaluation framework. For example, the case study area of the Haidian District adopts the school district system, but the school quality within the same school district can differ greatly and entrance to a highly rated school is associated with certain randomness. Appropriate inclusion of school-related attributes in an urban residential land suitability evaluation framework is still challenging.
Conclusions
This paper proposed a new method for evaluating residential land suitability by combining remotely sensed ecological factors and socially sensed residential land attributes, and it then applied that method to a case study in the Haidian District of Beijing to analyze the suitability of residential areas. The following conclusions can be drawn from the study.
(1) Ecological comfortability evaluation based on remotely sensed green space coverage and TUD sourced population density could generate reliable results. Very-high-resolution (VHR) remotely sensed images could be used to generate exact geo-specific residential areas parcel by parcel. Green space extracted from VHR images could provide a reliable assessment of the ecological condition on a much finer scale. Population density calculated from the TUD data is more reliable than that derived from census data because it can provide more updated and more detailed information about residential distribution.
(2) Convenience evaluation of residential parcels based on socially sensed POI data proved to be feasible and scientific. VHR remote sensing images could give the exact location of every residential parcel, and POI data could provide the exact geo-location of supermarkets, parks, and hospitals. The distance to these daily living elements can be calculated for each residential land parcel. Thus, factor analysis using socially sensed data could generate a reliable evaluation of the convenience of residential areas.
(3) Residential land suitability evaluation using factor analysis in the Haidian District generated an overall residential land suitability map. The results show that the overall suitability increases from southeast to northwest, consistent with the spatial distribution of ecological comfortability, and the urban area tends to have lower ecological comfortability and higher locational livability compared to the suburban area in the northwest. Ground surveys confirmed that the results are reliable and convincing. Our method could potentially assist with the sustainable development of residential lands and urban land use planning. The combination of high-resolution remote sensing and social sensing data can provide urban planners with a comprehensive land suitability analysis and assist in more scientific urban planning. This method could result in the rapid, reliable, and fine-grained evaluation of residential land suitability and give assistance to city renewal and planning.
